In this study, a new system for drilling deep micro-holes was designed for Hadfield steel (which is difficult to process with classical methods) with the electro-discharge-machining method (EDM) and the system was experimentally examined. The tests were carried out at three different discharge currents (6, 12 and 24) A, three different electrode-tool rotational speeds (200, 400 and 600) r/min, three different dielectric spray pressures (40, 80 and 120) bar, a constant pulse duration (12 μs) and a constant pulse interval (3 μs). After the tests the effects of the processing parameters on the basic performance outputs (the material removal rate -MRR), the electrode wear rate (EWR) and the relative wear (RW)) were investigated. Additionally, an analysis of variance (ANOVA) was also applied to identify the most significant factor. Optimum operating parameters were determined using the desirability-function analysis through the response surface methodology (RSM). It was found that the most effective variable affecting the MRR, EWR and RW was the discharge current. The discharge current was found to be the most significant control factor influencing the performance of the machining process. Keywords: deep micro-EDM, hole drilling, Hadfield steel, multi-response optimization, ANOVA V tej {tudiji je bil postavljen nov sistem za vrtanje globokih mikrolukenj v jeklo Hadfield (ki se te`ko obdeluje z navadnimi metodami) z metodo elektroerozije (EDM) in bil tudi eksperimentalno preizku{en. Poskusi so bili izvedeni s tremi razli~nimi tokovi (6, 12 in 24) A, pri treh razli~nih hitrostih vrtenja orodja (200, 400 in 600) r/min, pri treh razli~nih dielektri~nih tlakih razpr{evanja (40, 80 in 120) bar, pri konstantnem trajanju impulza (12 μs) in konstantnem intervalu impulza (3 μs). Preiskovani so bili u~inki procesnih parametrov na zmogljivost (hitrost odvzema materiala (MRR), stopnja obrabe elektrode (EWR) in relativna obraba (RW)). Dodatno je bila uporabljena analiza variance (ANOVA) za ugotovitev najpomembnej{ega faktorja. Optimalni obratovalni parametri so bili dolo~eni z analizo funkcije odziva na metodologijo odziva povr{ine (RSM). Ugotovljeno je bilo, da je razelektritveni tok najpomembnej{i kontrolni faktor, ki vpliva na zmogljivost procesa obdelave.
INTRODUCTION
The diameters of the holes are becoming smaller with the developing micro-mechanical systems and the classical chip-removal methods are insufficient for obtaining micro-holes, so the researchers are focusing on new manufacturing methods. Among these methods, the most applicable and commercially used one is the processing using EDM. Easy processing of hard materials and complex geometries made this method one of the most preferred uncommon manufacturing methods. 1 The most important characteristic that must be exhibited by the workpieces to be processed by EDM is electrical conductivity. The characteristics such as the workpiece hardness and toughness that are effective in the processing with conventional manufacturing methods are not important with respect to EDM. On the other hand, a good processing performance depends on the thermal and electrical conductivities of a material. [2] [3] [4] Studies of EDM are generally concentrated on the performance outputs. In the studies based on the lower-duration, low-cost and high-quality expectations of the manufacturing industry, the improvement of MRR, EWR, RW and surface-roughness outputs is emphasized. [5] [6] [7] [8] Besides these studies on the EDM system, rapid hole-drilling electro-dischargemachining machines were also developed to meet the new development expectations. This new EDM technique became a production technique that is often preferred in the aviation (cooling holes in plane turbine blades), automotive (fuel injection) and medical (dental and surgical implants) areas, used for medical materials, cutting-tool cooling channels and micro-hole drilling of hard, brittle and difficult-to-process materials. [9] [10] [11] [12] In this method, small-sized processing residuals are removed from the processing area by means of a dielectric liquid sprayed at a desired pressure through a tube-type electrode of a small diameter, rotating at a specified speed. Holes with larger diameters than the one of the used electrode tool are easily produced. The most important advantage of the method is that holes can be drilled into any electrically conductive metal. Micro-EDM is an important method, especially for small pieces, micro-constituents and the production of micro-tools providing a good surface quality and high integrity. Besides, it is maintained that micro-production technology can be developed with the micro-EDM. 13 In addition to the tube-like tools, the use of the tools that are not tube-like is also increasing and it is maintained that the holes obtained with the cylindrical tool with an orbital motion are more uniform than the ones made with the tool not having a rotational motion. 14 It was observed that MRR increased with the inverse polarity (tool š+',workpiece š-') causing the electrode wear as well. 15 It is known that vibration applications give favorable results with respect to the increased MRR and MRR increases during vibrational processes with the shortening of the process duration. 16, 17 When the studies in the literature are evaluated, it is seen that hole-drilling applications using the developing EDM method are used for the micro-hole drilling processes as an alternative method. The current studies relating to all the metals are developing in the direction of drilling deep holes with desired sizes and geometries using the above types of drilling units. In deep microhole drilling applications, the main expectations are to obtain a higher MRR and lower EWR and RW for a small diameter and a higher hole length. The aim of this study is to meet these expectations during the drilling of micro-holes into Hadfield steel, which is hard to process with the classical chip-removal methods due to deformation hardening; the effects of the discharge current, the electrode-tool rotational speed and the dielectric spray pressure on the basic performance outputs were investigated. Besides, in the literature, no study on deep microhole drilling of Hadfield steel with EDM was encountered.
MATERIAL AND METHOD

Experimental material and equipment
As the test sample, Hadfield steel, which is hard to process with the classical chip-removal methods (because of deformation hardening) was used. Because of its unique properties such as hardness, wear resistance, strength and low thermal conductivity, this material has recently been commonly utilized in many engineering operations involving mining equipment, excavators, railways, pumping equipment, rolling-mill parts for steel factories and wear-resistant components of machining elements 18, 19 . Test samples in the size of 10 mm × 20 mm × 200 mm were prepared. The chemical composition of Hadfield material is given in Table 1 . In the tests, the FURKAN brand, "EEÝ M50A" type EDM machine was used. A head was fixed to the moving head of the electro-erosion machine to rotate the electrode tool at different rotations and spray the process liquid (dielectric liquid) to the processing area at the desired pressure. The fixed head is seen in Figure 1 . In the tests, brass electrodes with a length 400 mm, inside diameter 0.18 mm and outside diameter 0.8 mm were used as the electrode tool. A fixed electrode and the test samples are presented in 
Experiments
In this study, tests were made using the EDM method at three different discharge currents (6, 12 and 24) A, three different electrode rotational speeds (200, 400 and 600) r/min, three different dielectric spray pressures (40, 80 and 120) bar, a constant pulse duration (12 μs) and a constant pulse interval (3 μs). A schematic view of the EEP unit designed for the tests is given in Figure 3 . As seen in this figure, the pressure head is mounted on the moving part of the EDM machine at the Z-axis. Owing to the pressure head, the electrode had a rotational motion and the pressurized dielectric liquid had access to the processing area through the electrode. The rotational motion was given to the electrode by a D. A motor on the pressure head. Due to the power source added to the system, the rotational speed of the electrode was controlled and it reached the desired r/min values. In this system, the motion of the electrode at the vertical axis was provided by another D. A motor included in the EDM machine. Dielectric liquid reached the pressure head by means of a pressure pump. The dielectric liquid pressure was continuously controlled by a manometer mounted on the by-pass mechanism. The desired dielectric liquid pressure was achieved with a set screw. With a high-pressure resistant hose, dielectric liquid was pumped to the pressure head at the pressure of up to 200 bar. Dielectric liquid was pumped to the processing area, passing through the interior part (0.18 mm) of the electrode fixed to the pressure head by means of a mandrel. The processes were carried out in a separate tank mounted in the process chamber. The workpieces in the process tank were fixed with a clamp. The parallelism of the clamp and the process tank was controlled with an assay balance and it was verified that they were also parallel to the EDM machine base and perpendicular to the pressure head.
Determination of the EDM basic performance outputs (MRR, EWR and RW)
At the end of the tests, the MRR, EWR and RW values were calculated with the following formulas: 
MRR is material removal rate (mm 3 /min), EWR is electrode wear rate (mm 3 /min), RW is relative wear (%).
RESULTS AND DISCUSSION
The hole pictures obtained after the tests are given in Figure 4 and the test results are in Table 2 . The performance characteristics were specified as MRR/(mm 3 /min), EWR/(mm 3 /min) and RW/%. The results were expressed graphically in order to be easily discussed and compared. 
Variation of the metal removal rate (MRR) with the processing parameters
MRR is expressed as the amount of the removed material (chip) per unit time (mm 3 /min) and it is one of the most important output parameters in the EDM operations. In the EDM operations, obtaining high MRR-values is the main requirement and the studies are focusing on this issue. The variations in the MRR-values obtained in the tests with the processing parameters are graphically expressed in Figures 5 and 6 .
When the variation of MRR with the discharge current (I) is examined in Figure 5 , it is seen that the MRRvalues increase with an increase in the I-values. Increasing the crater dimensions (occurring on the surface of the workpiece due to electrical discharges) with the direct proportional increase in the discharge energy is the general principle of the electro-erosion processing method. The reason for this is the evaporation of a large amount of the material (through fusion) per unit time from the workpiece surface due to the increasing discharge energy with the increase in the discharge current. Namely, with the increase in the discharge current each spark becomes more severe and each time these sparks pull off a greater area from the workpiece material. So, with the increasing discharge current (I) more material is fused and evaporated in a shorter time, causing an increase in the MRR-values. In the tests, the MRR-values obtained in the interval of 1.4-2.3 mm 3 /min with the 6 A discharge current, increased by approximately 200 %, to the 4.9-7.2 mm 3 /min interval, with the 12 A discharge current, and by approximately 90 %, to the 8.8-16.4 mm 3 /min interval, with the 24 A discharge current. When the general principle of the EDM system is taken to be the chip removing of high-energy sparks (occurring between the electrode and the workpiece) from the workpiece surface due to fusion and evaporation, the increase in the MRR-values with the increase in the discharge-current values is comparable with the results in [3] [4] [5] [6] [7] [8] . When Figures 5 and 6 are evaluated, it is seen that as the I-value is increased, keeping the electrode-tool rotational speed (n) constant, there is a gradual increase in the MRR-values. This shows that in all of the tests with the increasing discharge-current values the MRR-values increase without an exception. With the increasing electrode-tool rotational speed, the MRR performance values also increased. In the 6 A dischargecurrent tests at the 40 bar dielectric liquid spray pressure, with an increase in the electrode-tool rotational speed from 200 r/min to 400 r/min, the MRR-values increased by 14 %, and with an increase from 400 r/min to 600 r/min, MRR exhibited an increase of 9 %. This increase was 19 % and 6 % at the 80 bar dielectric liquid pressure. It is also valid for the other tests. The increase in the tool rotational speed provided a continuous and rapid flow of dielectric liquid to the processing area and, consequently, the formation of continuous sparks in the processing area made the processing more efficient and uninterrupted. The continuous spark discharge became the most important reason for the increase in the MRRvalues. When the experimental values are considered the increase in the dielectric spray pressure, together with the rotational speed, makes a significant contribution to the effective washing of the processing area. In the 12 A discharge-current tests, at the 200 r/min electrode-tool rotational speed, with the increase in the dielectric liquid spray pressure from 40 bar to 80 bar, the MRR-values increased by 8 %, and with an increase from 80 bar to 120 bar, MRR exhibited an increase of 5 %. The main reason for this is a faster motion of the fluid dielectric liquid in the area of the rotation of the tool. Due to this rapid motion, the dielectric liquid moves away from the side spaces between the electrode tool and the workpiece faster and the hole-drilling operation is carried out more effectively. When an evaluation of the MRR-values is made it can be found that the spray-type dielectric-application method is very effective. These results show parallelism with the studies in the literature. With respect to the spray-type dielectric-liquid applications, the reports in the literature state that higher MRR-values are obtained with the lateral-spray type, the reasons being a low temperature, a smaller amount of the processingarea contamination and a lower volume of gas in the processing space compared to the other methods. 15, 16 With the spray-type washing used in the tests, an effective washing of the processed products can be carried out. This way a short-circuit formation of a continuous, clean dielectric liquid decreases and the sparks in the clean processing space affect the workpiece more effectively, increasing the MRR. Thus, for the higher MRR-values in the EDM operations, it was determined that the discharge current, the electrode-tool rotational speed and the dielectric spray pressure must be selected at high intervals.
Variation in the electrode-wear rate (EWR) with the processing parameters
Another important performance characteristic in the EDM applications is the EWR-value. The sparks created between the workpiece and the electrode in the EDM operations not only fuse the area and cause evaporation of the workpiece but they also cause evaporation of a certain area on the electrode tool. This loss of the electrode tool is expressed as EWR and in this study EWR was calculated as the decrease in the electrode volume per unit time (mm 3 /min). EWR primarily depends on the thermal and electrical properties of the electrode material and then also on the processing parameters 7 . The relationships between the EWR-values and the dischargecurrent (I), electrode-tool-rotational-speed and dielectric-spray-pressure values are graphically shown in Figures 7 and 8 .
When the variation in the EWR of the electrode tool (brass) (Figure 7 ) with the discharge current (I) is examined it is observed that the electrode-tool EWR increases with the increase in the I-value, keeping the tool rotational speed constant. It was also found that due to the increase in the EWR of the electrode tool more material is fused and evaporated, proportionally with the applied discharge energy. As seen from Figure 4 , when the discharge current is 6 A, the EWR-values are in the interval of 0.4-0.6 mm 3 /min and in the case of the 12 A discharge current the EWR-values increase by approximately 500 % and take place in the 2.4-4 mm 3 /min interval. With the discharge current of 24 A, the EWR-values increase by approximately 300 % and rise to the 9.6-11.5 mm 3 /min interval. According to these results, the increases in the discharge-current values caused very high increases in the brass-tool EWR-values. The reason for this is that the electrode has a fine structure and its inside space is empty. This fine structure heats up very rapidly by losing its electrical resistance with the increase in the tool discharge-current values. In the tests using 12 A and 24 A this was explicitly evident. During the processing these currents heated up the fine electrode material in a very short time and during the flowing of the sparks from the tool to the workpiece, big pieces were pulled off due to fusion, causing an increase in the EWR-values. From Figures 7 and 8 it is seen that in the tests with the constant dielectric spray pressure and I-value, with an increase in the rotational speed the EWR-values had a tendency to increase. Since the increasing rotational speed provided a continuous, clean processing liquid in the processing area, more sparks occurred and an increased spark discharge increased the EWR. 3, 7, 10 Consequently, in the continuously cleaned processing area an effective and high amount of spark discharge caused more material to fuse and evaporate from the finely structured tool and, naturally, also caused the EWR to increase. This increase changes depending on the physical property of the electrode material, the discharge energy, the pulse duration, the dielectric spray characteristic and the type. When the relationship between the EWR and the dielectric spray pressure is examined in Figure 8 , it is seen that the EWR-values increase with the increase in the dielectric spray pressure. With the increase in the dielectric spray pressure from 40 bar to 80 bar at the 6 A discharge current and 200 r/min electrode-tool rotational speed, the EWR-values increased by 9 %, and with the increase from 80 bar to 120 bar, the EWR-values increased by 20 %. The increases were 20 % and 15 % at the 400 r/min electrode-tool rotational speed and 37 % and 9 % at the 600 r/min electrode-tool rotational speed. The reason for the increase was found to be the rapid cleaning of the processing area with the increase in the dielectric spray pressure and the effective spark discharges. Besides, it is also known from the literature that the processed products are moved away from the processing area more effectively with the spraying of dielectric from the tool. [20] [21] [22] So, the decreases in EWR depending on the dielectric spray pressure relieve the processing area of effective spraying in electro-erosion drilling, clean the processing area more rapidly and, with a higher energy spark discharge, pull off a smaller amount of electrode material from the tube-like tool (from the point of separating the sparks).
Variation in the relative wear (RW) with the processing parameters
RW is a significant output parameter expressing the relationship between EWR and MRR during each process in the EDM operations. A graphical expression of the RW-values calculated with the data from the tests is given in Figures 9 and 10 .
From Figure 9 , it is seen that the increases in the RW-values also occurred, being parallel to the increase in the discharge current. The reason for this was a higher increase in the EWR-values with respect to the MRR-values at high discharge-current values. In the tests with the 6 A discharge current, the RW-values were in the interval of 23-33 % and in the tests with the 12 A discharge current the interval increased to 49-52 %. This shows that both EWR-and MRR-values increased by the same, small amount during the increase in the discharge-current value from 6 A to 12 A. The RW-values exhibited a significant increase with the 24 A discharge current compared to the results obtained with the 6 A and 12 A values and the RW-values increased to the 102-120 % interval. This was explained with the fact that the finely structured and empty electrode tool had a higher EWR with respect to the MRR at high discharge-current values. As an empty and finely structured electrode tool rapidly loses its electrical resistance at a high discharge current, it causes the EWR-values to increase. So, when RW is calculated with the (EWR/ MRR) × 100 formula, these increases in the EWR-values that are higher than the MRR-values also cause an increase in the RW-values. In Figure 9 it is seen that the RW-values have a tendency to increase with the rotational speed applied to the electrode tool. This was explained with the increase in the EWR-values caused by the increasing electrode rotational speed. In Figure 10 it is observed that the RW-values decrease with the increase in the dielectric spray pressure. Processing residuals can be easily removed from the processing area owing to the spray-type washing applied in the tests (in line with the studies in the literature) [21] [22] [23] [24] 
Analysis of variance (ANOVA)
Analysis of variance (also known as ANOVA) is a statistical method used to identify individual interactions of all the control factors in the experimental results. In the present work, ANOVA was used to determine the effects of the discharge current, the dielectric spray pressure and the electrode rotational speed on MRR, EWR and RW. ANOVA results for the responses are given in Table 3 . The ANOVA analysis was performed at the 95 % confidence level and 5 % significance level. The F-values of the control factors indicated the significance of the control factors with the ANOVA analysis. 19, [25] [26] [27] The percentage contribution of each parameter is shown in the last column of the ANOVA table. This column shows the influence rates of the control factors for the experimental results. In addition, ANOVA results are also summarized as a column chart in Figure 11 . In Table 3 , the percent contributions of the factors such as discharge current, dielectric spray pressure and electrode rotational speed to the MRR were determined as 88.1 %, 4.6 % and 1.7 %, respectively. Therefore, the most effective variable affecting the MRR was the discharge current (88.1 %). It was seen that the discharge current and dielectric spray pressure significantly affect the MRR at the reliability level of 95 % or the significance level of 5 %, because the P-values of these variables are lower than 0.05. 26 According to Table 3 , the percent contributions of the input parameters to the EWR were found to be 96.9 %, 0.2 % and 0.2%, respectively, and the error was 2.7 %. It was determined that the most effective parameter with respect to the EWR is the discharge current. Moreover, among the input parameters, only the discharge current significantly affects the EWR at the reliability level of 95 % or the significance level of 5 %.
From Table 3 , the effects of the control factors on the RW were obtained as 74.8 %, 6.2 % and 1.3 %, and the error amounted to 17.7 % of the contribution rate. The ANOVA table indicated that with respect to the RW, the most effective parameter is the discharge current.
Multi-response optimization of the EDM parameters based on RSM
Mono-response optimization is a common and popular method to solve the problems of optimization approaches. But the method cannot be used to determine the optimum combination of the machining parameters that simultaneously optimize the output parameters. 28 To overcome this problem in the present work, a multi- 26 The graph of the multiresponse optimization plotted in Minitab is shown in Figure 12 . In this figure, each column of the plots shows the machining parameters, and the responses are shown by each row of the plots.
The objective value of each response, namely y, is displayed along with the desirability value range, namely d, which is between 0 and 1 as shown in the figure. If d = 0 or approaches to 0, then the output is clearly undesirable. If d = 1 or approaches to 1, then the output perfectly meets the target value. A higher value of desirability indicates a better optimization. 26 The highest desirability value is favored for the best solution of deep micro-EDM drilling. The goal, lower value, target value, upper value, mass, the importance of the factors and the best global solution were determined for the multi-response optimization as shown in Table 4 . According to Table 4 and Figure 12 , the optimization values are found to be 10.512 mm 3 /min, 4.737 mm 3 /min and 50.1315 % for MRR, EWR and RW, respectively. Individual desirability values are 0.60448, 0.61041 and 0.72205. Moreover, the composite desirability value is 0.643461 for all the responses. The levels of the control parameters are found to be 15.6831 A for the discharge current, 120 bar for the dielectric spray pressure and 600 r/min for the electrode rotational speed for the multi-response optimization in deep micro-hole drilling of Hadfield steel by EDM.
CONCLUSION
In this study, using the EDM method, deep microhole drilling was carried out on Hadfield steel which is hard to process with classical chip-removing methods due to deformation hardening. The effects of the processing parameters of deep micro-hole drilling applications (discharge current, electrode tool rotational speed and dielectric spray pressure) on the processing performance outputs (MRR, EWR, RW) were examined experimentally. The results are given below.
• By means of the installed system, the holes with a diameter 0.8 mm and length 20 mm were drilled into Hadfield steel. The most important parameter affecting the drilling durations was the discharge current. Increasing the electrode-tool rotational speed and dielectric spray pressure provided significant contributions to an easy drilling of the holes.
• When the MRR results were considered, a significant increase in the MRR-values was observed, related to the increase in the discharge-current values. The MRR-values had a tendency to increase with the increase in the electrode-tool rotational speed. Owing to the increasing dielectric spray pressure, the processing area always remained clean and the MRRvalues increased accordingly.
• According to the EWR results, the EWR-values increased with the increase in the discharge current. The increase in the EWR-values was explained with a finely structured and empty electrode tool. The EWR-values increased with the increasing electrodetool rotational speeds and decreased with the increasing dielectric spray pressure.
• When the RW-values were taken into consideration, the RW-values also increased depending on the increase in the discharge current. This was explained with the fact that the EWR-values increased more than the MRR-values because of the rise in the discharge current. The RW-values increased with the increase in the electrode-tool rotational speeds but decreased with the increasing dielectric spray pressure.
• From the results of ANOVA for all the responses, it was found that the most effective variable affecting the MRR, EWR and RW was the discharge current. Moreover, it was seen that the discharge current significantly affected the MRR, EWR and RW at the reliability level of 95 % or the significance level of 5 %.
• From the multi-response optimization results based on RSM, the optimum values were found to be 10.512 mm 3 /min, 4.737 mm 3 /min and 50.1315 % for MRR, EWR and RW. The levels of the control parameters for the optimum results were found to be 15.6831 A for the discharge current, 120 bar for the dielectric spray pressure and 600 r/min for the electrode rotational speed in deep micro-hole drilling of Hadfield steel with EDM.
